The sensitivity of a global climate model to increased atmospheric CO2 concentrations is presented, assessed, and compared with earlier studies. The ocean is represented by a 50-m slab in which the heat convergence due to oceanic dynamics is prescribed, producing an accurate simulation of sea surface temperatures, sea-ice extents, and associated features in the control simulation. Changes in surface temperature are qualitatively similar to those found in earlier studies using models with similar or lower horizontal resolution, although the global warming is slightly larger. The simulated changes in hydrology agree broadly with those in studies made with higher horizontal resolution and prescribed changes in sea surface temperatures and include a drying over the northern mid-latitude continents. Many of the discrepancies in the responses of different models can be traced to differences in the simulations of present-day climate. The choice of convective parametrization appears to influence the sensitivity of the simulated response in the tropics.
INTRODUCTION
Over the last 27 years, concentrations of atmospheric carbon dioxide levels have increased by 8%, and there is evidence that concentrations have risen by 15-30% since 1860 [Reichle et al., 1985] . There is speculation that CO2 levels could reach 550 ppm (about twice the estimated preindustrial level) by the end of the twenty-first century [Trabalka et al., 1985] . Evidence from numerical models suggests that enhanced CO2 concentrations would lead to significant changes in climate (see, for example, Schlesinger and Mitchell [ 1985] ) with potential economic and huma n consequences.
The investigations of the sensitivity of climate to enhanced carbon dioxide concentrations have produced a variety of estimates of the magnitude and distribution of the expected response [Schlesinger and Mitchell, 1985] . The calculated global mean surface warming due to doubling carbon dioxide concentrations ranges from about 1.5 ø to 4.5øC, the higher values occurring in recent simulations with model-generated cloud [Schlesinger and Mitchell, 1985; Wetheraid and Manabe, 1986] . Whereas there is some qualitative agreement amongst existing studies on the more detailed aspects of the response, including enhanced warming and precipitation in high latitudes in winter and a general reduction in upper tropospheric cloud, there are also marked disagreements. For example, Washington and Meehl [1984] report a general increase in soil moisture in northern and mid-latitudes in summer, whereas studies carried out by Manabe and colleagues [e.g. Manabe and WetheraM, 1986] and Mitchell[ 1986] suggest that decreases in soil moisture are more likely. Schlesinger and Mitchell [1985] show large discrepancies in the simulation of present-day climate in three contemporary climate models from different institutions. The response of a model to small perturbations will depend strongly on the simulation of the unperturbed climate [Spelman and Manabe, 1984; Palmer and Mansfield, 1986; Mitchell et al. 1987] . Hence a necessary condition for the reliable numerical prediction of climate change is that the models' control simulation is realistic. Although current climate models exhibit various deficiencies, Published in 1987 by the American Geophysical Union.
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we believe that one should not postpone sensitivity studies until one has a perfect model. However, it is important that the shortcomings of the model used in such a study are documented, so that they may be taken into account when assessing the response to the imposed change.
Most studies to date have employed a simple representation of the ocean, calculating sea surface temperatures without allowing for oceanic heat transport. On the other hand, Mitchell [1983] and Mitchell and Lupton [1984] used an alternative method. Sea surface temperatures in the control simulation were specified from climatological data, thereby implicitly including the effects of oceanic advection. The changes in sea surface temperature in the anomaly (enhanced CO2) simulations were then determined to an increasing degree of sophistication in a series of perturbation experiments, by assuming that for small perturbations the changes in surface heating are related linearly to the local changes in sea surface temperature. Whereas in the more usual approach, 10-20 years of simulation are required to bring the ocean and atmosphere to equilibrium, the atmosphere equilibrates within a year when the sea surface temperatures are prescribed. Hence Mitchell and his coworkers were able to use higher horizontal resolution than in other studies, without needing extra computing resources. However, with this approach there is no obvious method of estimating the changes in sea-ice extent, and in high latitudes, nonlocal effects become important [see Mitchell and Lupton, 1984] .
Hansen et al. [ 1984] prescribed the oceanic heat convergence (and mixed layer depth) in a low-resolution study of the effect of changes in the solar constant and enhanced CO2 concentrations. In this paper we describe results from an experiment in which atmospheric CO2 concentration is doubled, using a climate model with higher horizontal and vertical resolution but also using a prescribed oceanic heat convergence. This follows naturally from earlier experiments carried out within the Meteorological Office: instead of prescribing sea surface temperatures, we prescribe the oceanic heat convergence. However, the present work does not attempt to allow for changes in oceanic heat convergence that might accompany an increase in atmospheric CO2.
T•E MODEL
The climate model used in the present study comprises an atmospheric general circulation model coupled to a 50-m oceanic mixed layer and an energy-balance sea-ice model. Rc is 0.9, except for high clouds (the four layers next to the top) and for low cloud in the thin bottom layer next to the surface. For these, total cover is predicted if saturation is reached and zero otherwise. This restriction was imposed to limit the overprediction of high cloud found in tuning experiments. The low-cloud restriction is more physically reasonable, since the bottom layer is thinner and therefore unlikely to contain a cloud with radiative properties similar to those assumed until the depth-averaged humidity is close to saturation. The dependence of low cloud on low-level stability that was used in the original scheme [Slingo, 1980] was omitted, since the simulated cloud cover was reasonable without it.
The depth of the mixed layer (50 m) was chosen to be sufficient to allow for the seasonal storage of heat in the ocean [Meehl and Washington, 1985] without unduly prolonging the 
where p and cp are the density and specific heat of seawater, respectively, h is the depth, $ is the heat flux through the surface, and C is the prescribed heat convergence due to oceanic processes (advection, convection, etc). An effective C for the model was determined by diagnosing $ in a 4-year atmospheric simulation in which the seasonal variation of sea surface temperatures (and so dT/dt) were prescribed from climatology and solving (1) for C as a function of time and space. In the coupled model, sea surface temperatures are updated every 5 days, based on the net surface heating from the atmosphere and ,the specified heat convergence. Sea ice forms when the ocean temperature falls below the freezing point of seawater, 271.2 K. The surface temperature of sea ice is updated every atmospheric model time step so that the effect of the diurnal cycle on both the short and long wave radiation budgets. is included [Gordon and Bottomley, 1984] . Surface albedo increases linearly from 0.4 at 271.2 K to the land ice value of 0.7 at or below 261.2 K. The decrease in albedo as the temperature increases is intended to represent the presence of melt ponds and inhomogeneous cover over a grid square as the melting point is approached, since there is no provision for fractional ice cover of a grid square. Snowfa!l on top of ice and the diffusive heat flux through the ice are also included. Ice and snow depths and changes in classification are only updated every 5 days, using the accumulated heat budgets and snowfall, which simplifies coding and adequately represents the growth and decay of ice [Gordon and Bottomley, 1984] . The temperature of the mixed layer under the ice is kept at freezing point. (If there is ice at a point which was ice-free in the prescribed SST integration, the specified heat convergence is either used to reduce the thickness of ice, if positive, or if negative, is redistributed evenly over the ice-free points of the hemisphere). The albedo formulation for sea ice is similar to that proposed by Robock [ 1980] and allows ice to melt more easily than would a discontinuous large jump of albedo at the melting point. With increased CO2 relatively greater ice melt might be expected to occur, using a gradual as opposed to a discontinuous change in albedo with temperature and hence a discontinuous sensitivity for the global surface temperature increase, as shown by Washington and Meehl[ 1986] . A disadvantage of our scheme is that the albedo could be seriously underestimated if there is significant snowfall on the ice (M. Bottomley, personal communication, 1985).
THE EXPERIMENTS
The control integration simulated 20 complete years, and at the end of year 7, the anomaly integration was started with an instantaneous doubling of CO2 amount and ran for 38 years. temperature change in the absence of feedbacks). As noted by Hansen et al. [1984] feedbacks which magnify the eventual temperature increase also prolong the approach to equilibrium by a similar factor; this is also found here.
THE CONTROL SIMULATION OF OBSERVED CLIMATE
As noted in section 1, any climate model used to simulate climate change should produce a reasonable simulation of the present climate, and the shortcomings of the model should be documented. Therefore the behavior of the coupled model used here with the present level of CO2 is briefly described, and its ability to simulate the present climate and especially its seasonal variation is evaluated. Charts for the means of December, January, and February (DJF) and June, July, and August (JJA), averaged over the last 15 years of the control integration, will mostly be shown, although results from other seasons will be mentioned where appropriate.
The mean sea level pressure for DJF (Figure 3a) reproduces fairly well the observed pattern (Figure 3b regions which are not shown by these diagrams. The excessive low cloud in the northern hemisphere winter at high latitudes occurs in the thin lowest model layer; this is a consequence of the boundary layer collapsing to one layer over the cold land surface and becoming saturated. In summary, the model-generated cloud amounts generally agree well with the observed estimates, and the major Patterns are reproduced. The differences of computed sea surface temperatures from those specified from observations in the integration used to derive the heat convergence have general similarities for both DJF ( Figure 10a ) and JJA (Figure 10b ). Outside the tropics, sea surface temperatures are generally greater than observed, and most areas of the tropics are cooler than observed by 1 øC or less. The obvious exceptions to this pattern are the eastern tropical oceans which are too warm by up to 1 øC. This may be due to a coding error which was present in the convection scheme during the estimation of the heat convergence but which was corrected for the coupled simulations. Differences in net heating can also arise from changes in sea-ice extents, cloud, and circulation.
The sea-ice cover and its seasonal variation are an important influence on temperatures and low cloud at high latitudes. The reduction in sea ice in the anomaly experiment is also an important factor in determining the size of the eventual equilibrium warming due to doubled CO2. Therefore it is important that the sea-ice simulation in the control integration is close to observations. Comparison of the mean extents for 
However, the removal of all but the perennial ice in the Ross and
Weddell Seas in summer is successfully simulated. The fractional cover for both hemispheres is generally within a few percent of that specified from observations in the experiment to determine the oceanic heat convergence (Table 1) . This is to be expected with maximum albedos in the model for clouds of 60% and ice of 70%. Consequently, the net radiation is fairly well simulated, except in polar regions. In summary, the model simulation of the observed climate with the present !evel of atmospheric CO2 (323 parts per million by volume (ppmv)) is fairly good despite the deficiencies noted earlier. A major strength is the use of a specified oceanic heat convergence, which has resulted in a realistic variation of sea-ice and sea surface temperatures within a degree of observation over most of the ocean; this is a significant improvement on models which do not take oceanic heat transport into account. The model here has reproduced most of the main features of the observed temperature and precipitation, and in broad terms the model simulation of present climate is at least as good as, and often better than, that of other models used to study the effects of enhanced CO2.
MODEL RESPONSE TO DOUBLED CO2

Global Annual Mean
We now consider the equilibrium climate obtained with double the present level of atmospheric CO2 (2 X 323 ppmv). 
Zonal Mean Changes
The zonal mean temperature differences for DJF and JJt, averaged over the last lS years of control and anomaly experiments (Figures 13a and 13b) show that the top layers of the model atmosphere cool by up to 6øC as a result of increased radiative cooling to space. The troposphere warms with temperature increases mostly greater than 4øC, except at low latitudes near the surface where they are of order 3.5øC. In the annual mean the largest increases of 7 ø to 8øC are in the upper tropical troposphere and are consistent with the tendency Of the model's moist processes to adjust the vertical profile toward the moist adiabatic lapse rate; this lapse rate becomes smaller with increasing temperature and so amplifies temperature changes Hansen et al. [1984] . As with the amplification of temperature increase with height, this is likely to reflect the use of a penetrative convection scheme rather than a moist convective adjustment procedure. At high latitudes of the northern hemisphere there is increased cloud at lower levels, except in the surface layer. This is to be expected, with increased evaporation from the surface and stable stratification tending to restrict convection to lower levels. The largest temperature increases in the layer next to the surface will tend to reduce the strength of the inversion over land and sea ice in winter and to encourage mixing in the boundary layer to a higher level, and so reduce cloud near the surface. (Table l) , to the almost complete removal of ice during late summer (Figure 18 ) and autumn. In winter the larger summer heat storage is released and allows greater atmospheric advective heat transport into the regions near the poles. Second, the reduced thickness of ice and lesser depth of snow (a more effective insulator than ice) allows greater heat flux through the ice to maintain a higher surface temperature (although a greater flux will then tend to increase ice thickness). Furthermore, the reduction in the temperature dependent albedo for temperatures above 261.2 K allows more absorption of solar radiation at the surface. Given the weak insolation in winter, the last factor is likely to be least effective. This is clear from the change in surface absorption of solar radiation (Figure 19 ), which shows large increases in summer where the ice has contracted poleward (see Figure 18 ) and the simulated well many features of the observed climate. The prescribed heat convergence in the ocean ensured that both sea surface temperatures and the seasonal variation of ice were in close agreement with observations. The zonally meaned distribution of clouds generated by the model is qualitatively similar to observed estimates. Overall, the simulation of present climate is at least as good as in the published results from other models used to study the sensitivity to enhanced CO2. The anomaly integration, with 2 X CO2, attained a state in reasonable equilibrium by year 38. No attempt was made to accelerate the approach to equilibrium. The global mean surface temperature increased by 5.2øC, slightly larger than in recent similar studies elsewhere. As discussed earlier the main reasons for a larger warming are probably the use of a penetrative convection scheme rather than a moist convective adjustment procedure and the larger cloud temperature feedback due to not restricting the formation of cloud at high levels. Zonal mean tropospheric temperatures are warmer by 4øC or more nearly everywhere, with increases of up to 8øC in the upper tropical troposphere. The tendency of the model to adjust the vertical profile toward the moist adiabatic lapse rate leads to the vertical amplification of the warming, which is probably larger owing to the use of the penetrative convection scheme rather than a moist convective adjustment procedure used in some other models. At higher latitudes in winter the stable profile mainly confines the largest warming to the surface and lower troposphere. Zonal mean westerly wind is stronger at upper levels in the tropics and generally decreased outside low latitudes, which is consistent with the respectively increased and decreased meridional temperature gradients.
Precipitation and soil moisture. Precipitation is
The global mean moisture content of the atmosphere increases by 41% and precipitation increases by 15%. Zonally averaged precipitation increases almost everywhere except in the subtropics during winter, with largest increases in the main convergence zones of the equatorial trough and middle and high latitudes. The broad pattern of zonal mean cloud changes is similar to that found in the Meteorological Office model at higher resolution with prescribed sea surface temperatures and to that found elsewhere [see Wetheraid and Manabe, 1986] ; there is a general decrease in middle-level clouds, increased high cloud at all latitudes, and some increases in low cloud at high latitudes. The decrease in relative humidity in the midtroposphere and increase above is consistent with a raised tropopause and deeper convection.
The surface temperature increase varies geographically from less than 2øC where sea ice has melted in the Arctic in summer, and from 3 ø to 4øC over tropical oceans to 15 ø to 20øC over winter sea ice. Over land in the northern hemisphere, increases are mostly 6ø-8øC in summer and 8ø-10øC in winter. At high We have described the time-averaged response of a threedimensional climate model to a doubling of atmospheric CO2
concentrations. Detailed analyses of both the changes in cloud cover and in temporal variability will form the subject of future papers. An additional experiment in which CO2 was doubled and sea ice extents were prescribed, as in the control simulation, will be reported later. Finally, in order to identify topics which are a priority for future work, it is instructive to consider the limitations of the present work and other similar studies.
1. The representation of cloud is extremely crude, and studies to date take no account of possible changes in cloud optical properties. Somerville and Rerner [1984] have revived speculation that cloud water and hence cloud reflectivities would increase in warmer, moister atmosphere, providing a significant negative feedback which would reduce the sengitivity of climate to increased atmospheric CO:. A parameterization of cloud water has been developed [Smith, 1985] and will be used in future studies of enhanced CO:.
The dynamics of sea ice and changes in ocean dynamics
are not taken into account. Numerical simulations indicate that the inclusion of ice dynamics would enhance the seasonal variation in sea-ice cover [Hibler, 1984] . Nevertheless, the present model produces an accurate simulation of the seasonal amplitude of ice extent variations, although this was found to be sensitive to the specification of the surface albedo. It is possible that temperature albedo feedback over sea ice is excessive, compensating for the lack of sea-ice dynamics to give a realistic annual variation but producing an unrealistically large response in the enhanced CO: integration. The neglect of changes in ocean circulation may not lead to serious errors, as experiments with an idealized coupled ocean atmosphere [Manabe and Bryan, 1985] to interannual seasonal variability. Precipitation is inherently more variable spatially, and so one might expect a smaller total area of significant changes and a less coherent pattern. However, the increases at high latitudes in both seasons (Figure 26 ) are mostly significant at the 95% level or higher, as is the southward shift of the main precipitation bands in DJF and also the northward shift and strengthening of the monsoon rainfall in JJA. The decreases in the winter subtropics and over southern Europe and Asia in JJA are also significant in many areas.
The t-statistic for changes in soil moisture, which tends to have a large interannual variability, even so shows that the major changes such as a wetter surface over parts of Canada, and northern Europe and Asia in DJF and the drying of northern hemisphere land in summer are mostly significant at the 90% level of confidence or higher (Figure 27 ). The greater length of the integrations compared to previous studies with prescribed sea surface temperatures has enabled tests with more degrees of freedom to be performed. The high level of significance of many of the changes here, which are similar to previous results, encourages the belief that the model's true response to enhanced CO2 has been identified. 
